In Francisella tularensis subsp. tularensis, DsbA has been shown to be an essential virulence factor and has been observed to migrate to multiple protein spots on two-dimensional electrophoresis gels. In this work, we show that the protein is modified with a 1,156-Da glycan moiety in O-linkage. The results of mass spectrometry studies suggest that the glycan is a hexasaccharide, comprised of N-acetylhexosamines, hexoses, and an unknown monosaccharide. Disruption of two genes within the FTT0789-FTT0800 putative polysaccharide locus, including a galE homologue (FTT0791) and a putative glycosyltransferase (FTT0798), resulted in loss of glycan modification of DsbA. The F. tularensis subsp. tularensis ⌬FTT0798 and ⌬FTT0791::Cm mutants remained virulent in the murine model of subcutaneous tularemia. This indicates that glycosylation of DsbA does not play a major role in virulence under these conditions. This is the first report of the detailed characterization of the DsbA glycan and putative role of the FTT0789-FTT0800 gene cluster in glycan biosynthesis.
In Francisella tularensis subsp. tularensis, DsbA has been shown to be an essential virulence factor and has been observed to migrate to multiple protein spots on two-dimensional electrophoresis gels. In this work, we show that the protein is modified with a 1,156-Da glycan moiety in O-linkage. The results of mass spectrometry studies suggest that the glycan is a hexasaccharide, comprised of N-acetylhexosamines, hexoses, and an unknown monosaccharide. Disruption of two genes within the FTT0789-FTT0800 putative polysaccharide locus, including a galE homologue (FTT0791) and a putative glycosyltransferase (FTT0798), resulted in loss of glycan modification of DsbA. The F. tularensis subsp. tularensis ⌬FTT0798 and ⌬FTT0791::Cm mutants remained virulent in the murine model of subcutaneous tularemia. This indicates that glycosylation of DsbA does not play a major role in virulence under these conditions. This is the first report of the detailed characterization of the DsbA glycan and putative role of the FTT0789-FTT0800 gene cluster in glycan biosynthesis.
Glycosylation is one of the most common modifications of eukaryotic proteins and has been estimated to occur in up to half of all eukaryotic gene products (2) . Whereas eukaryotic glycoproteins have long been the focus of extensive research, the accepted dogma was that prokaryotes could not glycosylate their proteins, and it is only relatively recently that this view has changed (31, 33, 46) . The first reports of prokaryotic protein glycosylation focused upon the S-layer glycoproteins of the Archaea domain (32) , and there has been an increase in the number of studies reporting the characterization of prokaryotic glycoproteins. To date, such proteins have been primarily surface associated or secreted and modified with a diverse array of glycan moieties (6, 7, 22, 42-45, 48, 52, 58, 61, 62) . For some pathogens such as Campylobacter jejuni (19) and Clostridium difficile (57) , protein glycosylation is important for the function and assembly of flagellins. For other pathogens such as Neisseria gonorrhoeae, glycoproteins are important for adherence of the bacteria to the host cells (4, 10, 50) . Glycosylation can also play a role in the interaction of the pathogen with the immune system of the host. For example, complement-mediated lysis is blocked by antibodies directed against the 1,3 galactose modification of pili in Neisseria meningitidis (21) .
Francisella tularensis is the causative agent of tularemia, a disease that affects many mammals, including humans and rodents. The bacterium is a small, 0.2-to 0.5-m by 0.7-to 1.0-m, Gram-negative intracellular pathogen, and the natural reservoir is thought to be rodents with ticks being the primary vector (14) . F. tularensis is divided into three subspecies, tularensis, holarctica, and mediasiatica. Despite being genetically closely related to F. tularensis, Francisella novicida currently retains its own species designation. F. tularensis subsp. tularensis is the most virulent subspecies, and it is highly pathogenic for humans. F. novicida is considered less virulent in humans with some reports of infections in immunocompromised individuals. The pathogen has received much attention in recent years due to concerns regarding its potential use as a biowarfare agent. Despite intensive efforts to increase understanding of this highly virulent pathogen, a detailed knowledge of the mechanisms of virulence is still lacking.
Recent work has begun to identify and characterize glycoproteins expressed by Francisella. The F. tularensis subsp. tularensis PilA protein has been shown to migrate to an apparent molecular mass 4 to 5 kDa larger than the predicted molecular mass of 14.6 kDa (16) . In contrast, when the Francisella pilA gene was expressed in a glycosylation-defective strain of Pseudomonas aeruginosa, the Francisella PilA protein migrated with an apparent molecular mass of 14 kDa. A subsequent study reported that Francisella PilA proteins undergo O-linked glycosylation when expressed in N. gonorrhoeae (41) .
A recent study by Balonova et al. (3) used several approaches such as gel-based carbohydrate staining and lectin blotting to identify modified glycoproteins in F. tularensis subsp. holarctica. Both the PilA protein and the DsbA homologous protein FTH1071 were identified as putative glycoproteins. However, the type and linkage of the putative glycan moieties were not determined. Both PilA and DsbA are associated with virulence (16, 37) . However, the nature and role of any potential modifying glycans remain unknown.
An analysis of the genome of F. tularensis subsp. tularensis strain SchuS4 reveals two potential polysaccharide biosynthesis gene clusters. The first cluster is associated with the biosynthesis of O antigen. The O antigen is a virulence determinant and a protective antigen (36) . The product of the second polysaccharide biosynthesis gene cluster (FTT0789-FTT0800) (Table  1) is unknown (30) . In F. novicida and the F. tularensis subsp. holarctica LVS (LVS for live vaccine strain), homologues of some of these genes have been identified as playing a role in virulence (28, 65) .
To date, there have been no reports of the structures of the Francisella glycoprotein glycans or the genes involved with the glycan biosynthesis. The aims of this study were to determine whether F. tularensis subsp. tularensis has a protein glycosylation system, what the structure and linkage of the glycan are, and which genes or gene clusters are involved in the biosynthesis of the glycan. In addition, we sought to investigate the role of the DsbA glycan in virulence in the F. tularensis murine model of subcutaneous tularemia. modified Thayer Martin plates containing 100 g/ml polymyxin B and 10 g/ml Cm. The plates were incubated at 37°C for up to 5 days.
Cryotransformation of pSMP75::⌬FTT0798. pSMP75::⌬FTT0798 was cryotransformed into F. tularensis subsp. tularensis by the method of Quarry et al. (38) . Cryotransformants were recovered on BCGA plates for 4 h at 37°C and plated onto TM plates supplemented with 10 g/ml kanamycin to select for merodiploids. Subsequent resolution of merodiploids was done on TM plates containing 5% (wt/vol) sucrose.
Analysis of transconjugants and cryotransformants. Southern blotting, DNA sequencing, and PCR were used to confirm the deletion in the FTT0791 gene and the FTT0798 gene regions using primers GalE probe F and GalE probe R or FTT0798 LR and FTT0798 screen F and GalE F and Cam R or GalEF and GalER. The F. tularensis subsp. tularensis galE and FTT0798 mutants were designated ⌬FTT0791::Cm and ⌬FTT0798, respectively (see Fig. S1 in the supplemental material).
RT-PCR. To determine the effects of mutations on the expression of adjacent genes, reverse transcription PCR (RT-PCR) was carried out. Bacteria were cultured in modified cysteine partial hydrolysate broth (MCPH) at 37°C with shaking at 180 rpm until the cells were growing exponentially. RNA extraction was performed using an RNeasy minipreparation kit (Qiagen). Contaminating DNA was removed using Turbo DNA-free (Ambion), and mRNA was reverse transcribed using Superscript III reverse transcriptase (Invitrogen). RT-PCRs without reverse transcriptase were used as controls for the gene-specific PCRs. Gene-specific primers were used to confirm the presence or absence of the transcript in the strains used (see Fig. S2 in the supplemental material).
Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) analysis of F. tularensis subsp. tularensis. For all strains, bacteria were grown on BCGA plates at 37°C. Two plates were harvested for each strain. Whole-cell protein preparations were made by resuspending the cell pellet in lysis buffer {7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonate (CHAPS), 1% dithiothreitol (DTT), 0.5% amidosulfobetaine-14 (ASB-14)} (54) and shaken at room temperature for 1 h or sonicated until clear. The cell lysates were centrifuged for 10 min at 12,000 ϫ g, and the proteins were precipitated from supernatants with 10 volumes of ice-cold acetone. The proteins were pelleted by centrifugation, and the pellets were air dried before being resuspended in lysis buffer.
Quantified cell lysates were diluted in protein solubilization buffer containing 7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, and 0.5% ASB-14, 0.5% (vol/vol) pH 3 to 10 Biolytes, and 0.003% Orange G (Bio-Rad, Hercules, CA). For wild-type and mutant strains, the extracted proteins (100 g) were separated using immobilized pH gradient strips (IPG) (linear gradient from pH 4 to 7) (17 cm) (Bio-Rad, Hercules, CA). The proteins were loaded onto the IPG strips by in-gel rehydration overnight. Isoelectric focusing (IEF) was conducted using a Protein IEF Cell (Bio-Rad, Hercules, CA). Briefly, the running conditions were as follows: 200 V for 1 h, 500 V for 1 h, 6-h ramp to 5,000 V, hold at 5,000 V for a total of 80,000 to 100,000 V h. These conditions were the conditions routinely used within the laboratory and were optimized for this IEF cell for focusing of 100 to 400 g protein. Following IEF, the IPG strips were equilibrated for 25 min in equilibration buffer containing 2% SDS, 50 mM Tris-HCl (pH 8.8), 6 M urea, 30% glycerol, and 1% DTT. This was immediately followed by a second 25-min equilibration strip in the same solution containing 4% iodoacetamide in the place of DTT. The IPG strips were then rinsed in SDS gel running buffer (Bio-Rad, Hercules, CA) and embedded in a 12% homogeneous polyacrylamide gels (190 by 190 by 1.5 mm) with 1% agarose overlay with bromophenol blue (Bio-Rad, Hercules, CA). Gels (1% acrylamide) were run using PowerPac 1000 (Bio-Rad, Hercules, CA) at 24 mA for 5 h with the temperature during electrophoresis maintained at 20°C by water cooling. The gels were stained sequentially with Emerald Q glycostain (Invitrogen, Carlsbad, CA) and Sypro Ruby protein stain (Bio-Rad, Woodbridge, Ontario, Canada). Images of gels were collected using FluorS (Bio-Rad, Hercules, CA).
Protein spots were excised and digested with trypsin or endoproteinase Asp-N, as described previously (54) . The resulting peptides were analyzed by nanoliquid chromatography coupled to tandem MS (nLC-MS/MS) using electrospray ionization (ESI) as the ion source as recently described (56, 57) . The peak list files of MS/MS spectra of the excised protein spots were searched against the NCBI F. tularensis database (5 May 2007) with 12,283 entries using the MASCOT search engine (version 2.2.0) (Matrix Science, London, United Kingdom) or PEAKS studio (Bioinformatics Solutions Inc., Waterloo, Ontario, Canada) for protein identification. The mass tolerance for precursor ions is Ϯ1.0 Da, and the mass tolerance for fragment ions is Ϯ1.0 Da with trypsin or Asp-N. Ion scores of 30 and above indicated identity. In addition, all spectral matches were verified manually. Unmatched MS/MS spectra were examined manually to determine the sequences of peptide y and b type ions. VOL. 193, 2011 GLYCOSYLATION OF DsbA 5499 For the homologue columns, the homologue is shown first. The species is shown in brackets, and the NCBI accession number is shown in parentheses.
b
The number of residues identical to those of F. tularensis SchuS4 (number of invariant residues) and the number of similar residues (number of invariant and/or conserved residues) are shown. The total number of residues (n) is shown in parentheses.
c HAD, haloacid dehalogenase. 5500 THOMAS ET AL. J. BACTERIOL.
Ion pairing normal-phase liquid chromatography (IP-NPLC) for enrichment of Francisella tularensis glycopeptides. Samples (100 to 200 g) of protein from Francisella SchuS4 cell lysates (produced as 2D-PAGE samples) were precipitated by incubation at Ϫ20°C for 1 h in 4 volumes of ice-cold acetone and then pelleted by centrifugation. The acetone was removed, and the protein pellet was air dried in a laminar flow hood. Proteins were partially dissolved in 50 mM ammonium bicarbonate, and 2.5 to 5 g of trypsin was added. The suspension was incubated at 37°C for 14 h, and this resulted in complete solubilization and digestion of the SchuS4 proteome.
IP-NPLC experiments were carried out using an Ettan multidimensional liquid chromatography (MDLC) system (Amersham Biosciences AB, Uppsala, Sweden) coupled to a Q-TOF2 hybrid quadrupole time of flight (Q-TOF) mass spectrometer (Waters, Milford, MA). Peptide-containing samples were dried under vacuum to 1 l and then diluted to 10 l with 90% acetonitrile (ACN) and 1% trifluoroacetic acid (TFA). The samples were then injected onto a polyhydroxyethyl aspartamide column (The Nest Group, Inc., Southborough, MA) equilibrated with 10% buffer B (0.1% formic acid in high-performance liquid chromatography [HPLC]-grade H 2 O; the equilibration time was 7 min at 120 l min
Ϫ1
). Peptides were loaded with 10% buffer B at 60 l min Ϫ1 for 4 min. Peptides were eluted using the following gradient: 10 to 30% buffer B over 5 min, 30 to 60% buffer B over 5 min, 60 to 98% buffer B over 2 min, and 10% buffer B for a 5-min reequilibration (120 l min
). In this case, solvent A was ACN and 0.1% FA. A postcolumn splitter was used to direct ϳ400 nl min Ϫ1 to the ESI source to obtain MS chromatograms for each sample; the remainder of the flow was collected in 30-to 60-s fractions.
MS analysis of tryptic glycopeptides. The glycopeptide fractions (90 l for each fraction) were collected and dried to 1 l, which was then resuspended in 100 l of 0.1% formic acid (aqueous) and analyzed by nanoflow reversed-phase liquid chromatography (RPLC) coupled to MS using ESI (nanoRPLC-ESI-MS) using a nanoAcquity UltraPerformance LC (UPLC) system coupled to a Q-TOF Ultima hybrid quadrupole-TOF mass spectrometer (Waters, Milford, MA) or an LTQ linear ion trap mass spectrometer. The peptides were first loaded onto a 180-m-inner-diameter (ID) by 20-mm 5-m symmetry C 18 trap column (Waters, Milford, MA) and then eluted to a 100-m-ID by 10-cm 1.7-m BEH130C18 column (Waters, Milford, MA) using a linear gradient from 1% to 45% solvent B (ACN plus 0.1% formic acid) in 18 min, 45% to 85% solvent B for 3 min, 85% to 1% solvent B over 1 min, and hold for 8 min at 1% solvent B. Solvent A was 0.2% formic acid in water.
Determination of glycan linkage sites by ETD. Electron transfer dissociation (ETD) experiments were carried out using IP-NPLC-purified glycopeptides on an LTQ XL linear ion trap instrument (Thermo Scientific, Waltham, MA), coupled to a nanoAcquity UPLC system (Waters, Milford, MA). The peptide separation was carried out using the conditions described above. Collisional activation MS/MS was performed initially to confirm the identity of the glycopeptide. ETD MS/MS was then carried out targeting the m/z 986.6 4ϩ tryptic glycopeptide ion, with fluoranthene as the anionic reagent. ETD conditions were as described previously (57), with the exception that the activation time was reduced to 70 ms.
Determination of glycan linkage sites by ␤-elimination. The determination of glycan linkage sites by ␤-elimination was carried out essentially by the method of Rademaker et al. (39) . Briefly, approximately 250 pmol of IP-NPLC-separated DsbA tryptic glycopeptide T 32 was evaporated almost to dryness before adding 300 l of 25% ammonium hydroxide and incubating at 45°C for 10 h. The reaction was stopped by removing the NH 4 OH using vacuum centrifugation, and the ␤-eliminated peptide was resuspended in 50% methanol and 0.1% formic acid (vol/vol). nLC-MS/MS was carried out on the ␤-eliminated peptides using a Q-TOF Ultima hybrid quadrupole time of flight mass spectrometer, targeting the predicted m/z of the triply charged peptide precursor ion with glycan removed (929.47 3ϩ ). A collision energy of 38 V was used (laboratory frame of reference). A tryptic digest of the 2D gel spot corresponding to the unmodified form of the DsbA protein was run under the same conditions as a control.
Measurement of glycan accurate masses. Accurate masses of DsbA glycan fragments were measured using an LTQ Orbitrap mass spectrometer (Thermo Scientific, Waltham, MA) by performing targeted nLC-MS/MS on the C-terminal glycopeptide ion produced either by tryptic digestion (m/z 986. Plausible elemental formulae for each of the glycan fragments were determined using an Elemental Composition Calculator (http://www.wsearch.com.au/Tools /elemental_composition_calculator.htm) using the mean accurate mass values obtained from duplicate MS/MS runs, with a tolerance of 10 millimass units (mmu).
LPS purification, gel electrophoresis, and immunodetection. Glycine gel electrophoresis was performed using a 12.5% separating gel with a 4.5% stacking gel (29) . Colonies were solubilized and incubated with 3.3 mg/ml proteinase K for 1 h at 60°C prior to loading on gels. For immunodetection, a murine monoclonal antibody to F. tularensis LVS lipopolysaccharide (LPS) O-side chain (ab2033) (Abcam, Cambridge, United Kingdom) was used. A horseradish peroxidaselabeled antibody (Amersham, United Kingdom) was used as a secondary antibody. The substrate 3,3Ј-diaminobenzidine tetrahydrochloride (DAB) was used as suggested by the Sigma Chemical Company until color developed.
Infection of mice with F. tularensis subsp. tularensis SchuS4 and ⌬FTT0791::Cm and ⌬FTT0798 mutants. The bacteria were harvested after growth for 18 h at 37°C on BCGA agar. All procedures were carried out in accordance with Home Office guidelines. Groups of 10 or 6 adult female BALB/c mice (Charles River Laboratories) aged 6 to 8 weeks were infected with 0.1, 10 0 , 10 1 , and 10 2 CFU of each of the strains via the subcutaneous route and observed for 21 days. Humane endpoints were strictly observed, so that if an animal displayed irreversible signs of tularemia, it was promptly culled, thus avoiding undue distress. Irreversible signs include the following symptoms: unresponsive to extraneous stimuli and provocation, immobile, not self-righting, pronounced starring all over coat, and permanent pronounced hunching.
RESULTS

F. tularensis subsp. tularensis strain SchuS4
DsbA is reactive with glycostain. Prokaryotes produce an array of unusual monosaccharides and glycan structures that are often difficult to characterize using the analytical technologies developed for the eukaryotic glycans and glycoproteins. Glycoreactive spots corresponding to two proteins were identified during this study: PilA and DsbA. Our studies focused on DsbA. Many discovery studies of bacterial glycoproteins commence with observation of aberrant protein migration on one-dimensional (1D) or two-dimensional (2D) polyacrylamide gels. Two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) of whole bacterial cell lysate of Francisella tularensis subsp. tularensis strain SchuS4 showed that DsbA resolved into four proteins with different molecular masses and pIs (as indicated in Fig. 1A by black arrows) . A duplicate 2D polyacrylamide gel was stained with Emerald Q glycostain (Fig. 1B) . Only three of the four spots were glycoreactive. All four spots were identified as the hypothetical protein DsbA by nanoliquid chromatography coupled to tandem mass spectrometry analysis (nLC-MS/ MS) of their tryptic digests (see next section). The three glycoreactive protein spots had observed molecular masses (pIs shown in the parentheses) of 47.0 kDa (4.55), 43.0 (4.65), and 41.5 (4.75). The single nonglycoreactive spot had an approximate molecular mass of 38.5 kDa (and a pI of 4.8), which is in close agreement with the predicted unmodified-protein molecular mass. Our experiments with Emerald Q glycostain showed that the glycostain reacted only with DsbA and PilA protein spots, and we did not observe any other glycoreactive proteins in our studies.
nLC-MS/MS analysis of F. tularensis subsp. tularensis DsbA peptide digests. The tryptic digests of the glycoreactive protein spots could be readily assigned to unmodified peptides within the DsbA protein sequence, thus proving the identities of the glycoreactive and unreactive spots. Several MS/MS spectra were derived from peptides that appeared to possess a glycan The MS/MS spectrum had a clear series of peptide y and b ions, in addition to a glycan oxonium ion at m/z 1,157. The glycanrelated fragment ion described above was also visible (see Fig. S3 in the supplemental material). No further glycopeptides could be identified, and the total peptide sequence coverage is indicated in Fig. 1D .
Determination of glycan attachment sites. The native protein DsbA proved difficult to enrich from F. tularensis subsp. tularensis SchuS4 in quantities sufficient for glycoprotein characterization by multiple MS methods. We therefore used a recently developed approach based upon ion pairing normal-phase liquid chromatography (IP-NPLC) by the method of Ding et al. (12) to enrich the tryptic glycopeptide T 343-365 from a total tryptic proteome digest of F. tularensis subsp. tularensis SchuS4. The base peak chromatogram (BPC) of the SchuS4 total tryptic proteome digest showed two phases of separation; first, nonglycosylated peptides eluted, followed by glycopeptides as indicated (see min. This peptide was collected over sequential separations until sufficient glycopeptide material was accumulated for further MS studies (Fig. 2) . Electron transfer dissociation (ETD) has been shown to preserve posttranslational modification during peptide fragmentation and has proved useful in our past work, mapping O-linkage sites of flagellins. We therefore sought to map the glycan attachment site of the T 343-365 glycopeptide. ETD MS/MS was carried out, with fluoranthene as the anionic reagent. The resulting glycopeptide MS/MS spectrum, shown in Fig. 2A , was highly complex. Unusually, an intense glycan oxonium ion was visible (m/z 1,157), indicating the glycan modification to be highly labile under these conditions. Both doubly and singly charged peptide c and z ion series were observed. As indicated in Fig. 2A , the c, z, c plus glycan and z plus glycan ion series were observed. These ion series indicated that the glycan modification was at the C-terminal end of the peptide. Furthermore, the data suggested that serine 355 was modified through O-linkage, although definitive interpretation was difficult due to closely overlapping ion series. The peptide size, glycan size, and charge distribution on the peptide all made further attempts to optimize fragmentation by ETD difficult. Therefore, to unambiguously assign the site of O-linked attachment, purified glycopeptide was subjected to base-catalyzed hydrolysis in the presence of NH 4 OH whereby the ␤-elimination product incorporated a newly formed amino group of a distinct mass (39) . In this way, O-linked Ser and Thr residues yield modified amino acids of neutral masses of 86 and 100 Da, respectively. In this case, only Ser355 was modified, as evidenced by a mass shift of 86 Da between y11 and y12 (Fig. 2B) .
Structural characterization of O-linked glycan moieties by MS/MS. Due to challenges in isolating glycopeptides in large quantities (attempts to overexpress the DsbA homologue in F. tularensis failed [data not shown]), we have not been able to isolate sufficient glycopeptide for nuclear magnetic resonance (NMR) structural studies that are required to determine the structure and absolute configuration of the hexasaccharide moiety. Instead, we have used high-resolution multistage MS analyses to provide information on the glycan structure composition. Inspection of the glycan fragmentation pattern of the m/z 1,157 oxonium ion within the DsbA glycopeptide MS/MS spectrum showed neutral losses corresponding to putative monosaccharides such as HexNAc and hexose, as described earlier. One neutral loss of 223 and a glycan-related fragment ion, m/z 242, could not be readily identified. Multistage mass spectrometry allows fragmentation of ions within an MS/MS spectrum. MS3 fragmentation of m/z 242 showed a neutral loss of water, yielding an ion of m/z 223 (Fig. 2C) . A further loss of 18 from m/z 223 yielded m/z 205, an unidentified glycan fragment ion. A loss of m/z 98 from the parent ion likely corresponds to the loss of phosphate and water and yields the fragment ion at m/z 144.9.
MS4 analysis of the fragment ion at m/z 144.9 yielded a single daughter ion at m/z 116.9 (possible loss of CO). From these data, the m/z 242 sugar fragment ion corresponds to a 144-Da sugar, modified with a phosphoric acid.
Accurate mass measurements were performed wherever possible on glycan-related fragment ions in glycopeptide MS/MS spectra to determine the most plausible elemental formula for each monosaccharide moiety. The accurate masses Interestingly, the top-ranked plausible elemental formulae of the glycan-related ion at m/z 242.1 supported our suggestion of a phosphate linkage within the sugar. This was also true for the neutral loss of 223 Da, corresponding to this unknown sugar. The accurate masses of other glycanrelated fragment ions were also measured and are listed in Table S3 in the supplemental material, all corresponding to fragments of the complete hexose sugar. Overall, these data supported our suggestion that the modifying sugar is a hexasaccharide of composition HexNAc-unknown sugar (X)-HexNAc-hexose-hexose-HexNAc.
Production and characterization of defined FTT0791::Cm and FTT0798 mutants of F. tularensis SchuS4. In order to begin to understand the role of glycosylation in virulence, we inactivated the FTT0791 and FTT0798 genes in F. tularensis subsp. tularensis SchuS4. The ⌬FTT0791::Cm mutant was constructed by replacing 701 bp of the gene with an antibiotic resistance marker. The ⌬FTT0798 (putative glycosyltransferase gene) mutant had an in-frame deletion (start and stop codons separated by a BamHI site).
Southern blotting, PCR, and sequencing were used to identify double-crossover mutants which are referred to as the ⌬FTT0791::Cm and ⌬FTT0798 mutants (see Fig. S1 in the supplemental material). RNA was isolated from both mutants, and reverse transcription-PCR (RT-PCR) was carried out to confirm the polarity of the mutants by looking for transcription of the downstream genes (see Fig. S2 in the supplemental material). Both mutants did not produce an amplicon after RT-PCR for their respective target genes, and furthermore, the ⌬FTT0791::Cm mutant did not produce an amplicon for the FTT0793 gene, and therefore, it was deemed a polar mutant.
Glycoproteomics of strain SchuS4 and ⌬FTT0791::Cm and ⌬FTT0798 mutants. In order to determine whether the FTT0789-FTT0800 cluster is involved in the biosynthesis of a glycoreactive moiety, we compared the 2D gel glycostain profiles of wild-type F. tularensis, an O-antigen gene cluster mutant (⌬wbtDEF::Cm) (53) , and the ⌬FTT0798 and ⌬FTT0791::Cm mutants. The DsbA protein was expressed by the wild type and all three mutants (as demonstrated by arrows in the Sypro Ruby staining of the protein in Fig. 1A and 3a, c, and e) . The DsbA glycoforms were absent in the ⌬FTT0798 and ⌬FTT0791::Cm mutants as demonstrated by Emerald Q staining in Fig. 3b and d , but in the O-antigen mutant, the glycoforms were present as shown in Fig. 3f . For the wild type, four DsbA protein spots were observed in the Sypro Ruby-stained gels, whereas only three of these spots reacted with Emerald Q glycostain (indicating three protein forms with glycan and one form with no glycan [ Fig. 1A and B] ). The O-antigen mutant, the ⌬wbtDEF::Cm mutant, had the same glycoreactive profile as wild-type SchuS4 (Fig. 3e and f) , indicating that this mutation had no effect upon potential posttranslational modification of DsbA. However, cell lysates of the ⌬FTT0791::Cm and ⌬FTT0798 mutants showed no reactivity with glycostain ( Fig. 3b and d) . For the ⌬FTT0791::Cm and ⌬FTT0798 mutants, the Sypro Ruby-stained single DsbA spots had a molecular mass and pI of 38.5 and ϳ4.8, respectively, which are in close agreement with the predicted molecular mass and pI of unmodified DsbA. In agreement with these observations, no glycopeptides or partial glycan chains were identified in tryptic digests of DsbA from these mutants by MS (see Fig. S4 in the supplemental material), making the function of the FTT0791 and FTT0798 genes difficult to elucidate. The fact that these two amino acids are adjacent to one another further adds to the uncertainty because neither is able to provide additional evidence for modification of the residue next to it. In this case, ETD produces two candidate amino acid residues for the site of glycosylation: threonine 354 and serine 355. (B) nLC-MS/MS spectrum of the triply charged ␤-eliminated peptide ion at m/z 929.48 isolated by IP-NPLC separation. Peptide y and b type ions are indicated. Glycan removal by ␤-elimination with NH 4 OH results in loss of 1 Da from the modified amino acid residue. An observed loss of 1 Da ‫)ء(‬ from the predicted y 11 peptide ion to the N-terminal y 27 peptide ion indicates that serine 355 is the site of glycosylation. Deamidation of the sole asparagine residue in the peptide sequence results in a 1-Da addition (#) to the b 4 peptide ion, which is also observed for all subsequent b ions detected to the C-terminal b 27 peptide ion. The loss of 1 Da due to ␤-elimination and the addition of 1 Da due to deamidation results in no net m/z difference between the predicted unmodified peptide precursor ion and the observed ␤-eliminated peptide precursor ion. The same is true for several peptide fragment ions at either end of the sequence that are subject to both ␤-elimination and deamidation. Additionally, a gas phase neutral loss of NH 3 To confirm that FTT0798 and FTT0791 were not involved in the biosynthesis of the O antigen, lipopolysaccharide (LPS) profiles of the ⌬FTT0791::Cm and ⌬FTT0798 mutants were analyzed by Western blotting using a monoclonal antibody to F. tularensis subsp. tularensis LPS (Fig. 4) . The monoclonal antibody reacted in similar manners with the wild-type strain and the two mutants. Although we have not observed the recently reported capsule (1), these data suggest that its production would be unaffected, as the O-antigen sugars are still produced in these mutants.
Evaluation of the ⌬FTT0798 and ⌬FTT0791::Cm mutants in vivo. The ⌬FTT0791::Cm and ⌬FTT0798 cluster mutants cannot glycosylate DsbA, indicating that at least two of the genes of the FTT0789-FTT0800 cluster play a role in biosynthesis of the glycan. Both mutants were used to investigate the possible role of the glycan in vivo. The virulence of ⌬FTT0798 and ⌬FTT0791::Cm mutants of F. tularensis subsp. tularensis was compared to that of the wild-type strain SchuS4 in mice. Subcutaneous administration of 0.1, 10 0 , 10 1 , and 10 2 CFU was carried out for each strain, and mice were monitored for 21 days postchallenge. Humane endpoints were strictly observed, and animals deemed incapable of survival were humanely culled. Mice succumbed at similar times (day 6 or 7) at comparable doses (to wild type), indicating that the deletion of FTT0791 and FTT0798 had no effect on virulence under these conditions ( Table 2 ). The median lethal dose (MLD) that induced morbidity or death was calculated by the method of Reed and Muench (40) . For the wild-type strain, the MLD, by the subcutaneous route, has been reported as 1.5 CFU for F. tularensis subsp. tularensis (18) . In this model, our studies showed the MLDs for all the strains used were in close agreement with this (MLDs of 6.65 CFU for the ⌬FTT0791::Cm mutant, 0.59 CFU for the ⌬FTT0798 mutant, and 0.55 CFU for strain SchuS4).
DISCUSSION
The last decade has seen an increase in the number of studies reporting glycosylation of prokaryotic proteins. This has established this form of posttranslational modification as an integrated part of prokaryotic biology. In many cases, extensive structural characterizations of bacterial glycoproteins have been completed, but research on the biological significance and utility of these novel glycoconjugates is in its infancy. Recent reports have suggested that strains of Francisella elaborate glycoproteins (3, 41) . Here we show that the putative disulfide isomerase protein and essential virulence factor, DsbA, is modified in O-linkage with a hexasaccharide moiety.
The detailed characterization of prokaryotic glycoproteins still presents numerous technical challenges, many of which stem from the novel sugars synthesized by bacteria and difficulties in isolating bacterial glycoproteins. A novel analytical method, ion pairing normal-phase liquid chromatography (IP-NPLC), was used to enrich glycopeptides from total proteome lysates, allowing sufficient material to be collected for detailed MS studies. However, the amount of material required for full structural characterization of the carbohydrate by NMR remains prohibitive, even with recent advances in the study of partially purified peptidyl glycan samples (56) .
Protein homologues of DsbA were identified within the F. tularensis subsp. holarctica LVS (FTL1096) and F. novicida (FTN0771) genome sequences. We have found that DsbA is glycosylated in other F. tularensis subspecies. In F. tularensis subsp. holarctica (data not shown) and F. novicida, homologous regions of the proteins were modified with glycan (see Fig. S5 in the supplemental material). The peptide derived from strain LVS was modified with a hexasaccharide of 1,156 Da, with the masses and sequences of monosaccharides identical to those observed with type A F. tularensis subsp. tularensis SchuS4 (data not shown). In F. novicida, the peptide was modified with a putative glycan with a mass of 1,181.5 Da. Inspection of putative glycan-related fragment ions within the peptide MS/MS spectrum suggested a composition of 203, 203, 162, 162, 203, and 248 Da, where the 203-Da peak is a putative HexNAc and the 162-Da peak is a putative hexose (see Fig. S2 in the supplemental material). The monosaccharide with a mass of 248 Da is an unknown glycan moiety. Table 1 lists the genes in the FTT0789-FTT0800 cluster and their homologues in the F. tularensis subsp. holarctica LVS strain and F. novicida. All the genes have homologues in F. tularensis subsp. holarctica LVS, whereas in F. novicida, four of the genes have no homologues (FTT0794, FTT0795, FTT0796, and FTT0800) . The absence of these genes may account for the structural differences between the glycan of F. novicida and the glycan of the LVS strain of F. tularensis subsp. holarctica and the SchuS4 strain of F. tularensis subsp. tularensis.
Searching the Francisella tularensis subsp. tularensis strain SchuS4 genome sequence for potential polysaccharide biosynthetic genes revealed the O-antigen biosynthetic locus, and a second cluster of genes, FTT0798-FTT0800. Table 1 lists the genes within the FTT0789-FT0800 cluster, their annotated function, homologues in other F. tularensis strains, and their nearest homologues in other bacterial species. The FTT0789-FT0800 cluster contains three genes encoding proteins with homology to glycosyltransferases, a galE homologue, a gene encoding a putative transport protein, and three genes annotated as encoding hypothetical proteins. One of these putative glycosyltransferase proteins (FTT0799) shows limited homology to the capsular polysaccharide glycosyltransferase, WcbB, from C. jejuni. Of note, homologues of the genes within this cluster are found within F. tularensis subsp. holarctica strain LVS. However, F. novicida lacks homologues of the three hypothetical proteins FTT0794 to FTT0796. The proteins encoded by these genes contain conserved domains for methyltransferase (FTT0795) and phosphocholine metabolism (FTT0794 and FTT0796). The role of this gene cluster has not been confirmed experimentally. F. tularensis subsp. tularensis genome encodes two homologues of PilO, the glycosyltransferase which mediates the transfer of sugars to pilin subunits in P. aeruginosa (30) . These homologues are not in the FTT0789-FTT0800 cluster described here. One homologue, FTT0905, is annotated in the SCHU S4 database as being a type IV pilin glycosylation protein on the basis of its sequence similarity to the pilin-targeting P. aeruginosa PilO oligosaccharyltransferase. Deletion of this gene affected glycan modification of PilA (Mike Koomey, personal communication). The second PilO homologue, FTT1158c, is also annotated as a type IV pilus glycosylation protein. We have not identified a role for this protein.
We have constructed FTT0791 and FTT0798 mutants in this study. The use of chloramphenicol resistance as a marker for the construction of mutants is not allowed in the United States. However, subject to a local risk assessment and national approval by regulatory bodies, it can be used in F. tularensis in the United Kingdom. Disruption of FTT0791 resulted in loss of detectable glycosylation by 2D-PAGE and MS (Fig. 3) . However, it is possible that disruption of the FTT0791 gene introduces a pleiotropic phenotype that could indirectly affect the biosynthesis of other polysaccharides. We sought to address (27, 60) and reduced virulence of a galE mutant of Pasteurella multocida in mice (15) . However, in our study, the FTT0791 and FTT0798 mutants were not attenuated in a murine model of tularemia. In contrast, our studies indicate that the role of FTT0791 in F. novicida may differ from that of F. tularensis subsp. tularensis. We created a marked F. novicida FTT0791 mutant. This was used to challenge mice. Groups of 6 mice were challenged with 10 3 and 10 5 CFU of F. novicida FTT0791::Cm mutant. After 64 days, all the mice had survived, demonstrating that deletion of FTT0791 plays a role in virulence of F. novicida.
The DsbA glycoprotein has been identified as an essential virulence factor of virulent type A F. tularensis (37) , with potential roles in immune activation (51) and protein folding (49) . DsbA is annotated within the SchuS4 genome as a hypothetical protein of unknown function. However, a search using the LipoP 1.0 server (Technical University of Denmark via ExPASY) strongly suggests that it is a lipoprotein, with the signal sequence cleaved after residue A21 and lipoylation of residue C22. The DsbA protein is therefore expected to be periplasmic and is enriched in crude membrane proteome fractions (54) . The protein has also been observed to migrate to multiple protein spots in bacteria recovered from murine spleen, suggestive of glycosylation in the infected host (55) . Fold recognition (Phyre, Pfam, and FUGUE) suggests that there is a central core of the protein that belongs to the DsbAlike thioredoxin family (Com-1-like subfamily). This indicates a likely function in redox chemistry, confirmed by a recent study (49) . This core domain includes residues 155 to 290. At the N terminus of the protein, another domain is detected covering residues 37 to 127 (Pfam): this is a domain that is commonly found N terminal to FKBP proteins: this is a dimerization domain. In other bacterial systems, disulfide bond formation is catalyzed primarily by the DsbA/DsbB system (26) . In other bacteria, mutants lacking DsbA or DsbB exhibit pleiotropic phenotypes. Decreased motility stemming from improper flagellin formation has also been reported (11) . Other virulence factors such as pili, toxins, and type III secretion systems can also be impacted because of the requirement for disulfide bond formation for protein functionality (13, 20, 24, 34, 35, 64) . It is interesting to note that in the human pathogen N. gonorrhoeae, the DsbA protein is also glycosylated via Olinkage (59) . In addition, the study demonstrated that numerous proteins, including PilE2, undergo O-linked glycosylation by the same glycan biosynthetic pathway. The F. tularensis subsp. tularensis PilA is not modified by a glycan in the FTT0791 and FTT0798 mutants (Mike Koomey, personal communication), suggesting a similar mechanism of glycosylation of PilA and DsbA in F. tularensis. Deletion of the dsbA homologous gene in the live vaccine strain (F. tularensis subsp. holarctica LVS) resulted in the accumulation of several proteins, speculated to be substrates for the enzymatic activity of DsbA (49) . The majority of these proteins were annotated as hypothetical proteins with no close homologues, making interpretation of the role of DsbA challenging. This is the first report confirming O-linked glycosylation of DsbA in F. tularensis and a role of genes in the FTT0789-FTT0800 gene cluster. F. tularensis possesses at least two proteins that are modified with a glycan by O-linkage. We have demonstrated that the FTT0791 and FTT0798 genes are involved in DsbA glycosylation. The exact role that the glycan plays is still unclear. Our studies indicate that the glycan is not essential for virulence in vivo in the murine model of tularemia upon subcutaneous injection (an infection route that is similar to the natural infection route from ticks). Future studies will be focused on elucidation of the role of the glycan in the intracellular lifestyle of F. tularensis.
